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PlasticityCerebral plasticity includes the adaptation of anatomical and functional connections between parts of the in-
volved brain network. However, little is known about the network dynamics of these connectivity changes.
This study investigates the impact of a pure deefferentation, without deafferentation or brain damage, on the
functional connectivity of the brain. To investigate this issue, functional MRI was performed on 31 patients in
the acute state of Bell3s palsy (idiopathic peripheral facial nerve palsy). All of the patients performed amotor par-
adigm to identify seed regions involved in motor control. The functional connectivity of the resting state within
this network of brain regions was compared to a healthy control group. We found decreased connectivity in pa-
tients, mainly in areas responsible for sensorimotor integration and supervision (SII, insula, thalamus and cere-
bellum). However, we did not ﬁnd decreased connectivity in areas of the primary or secondary motor cortex.
The decreased connectivity for the SII and the insula signiﬁcantly correlated to the severity of the facial palsy.
Our results indicate that a pure deefferentation leads the brain to adapt to the current compromised state during
rest. The motor system did not make a major attempt to solve the sensorimotor discrepancy by modulating the
motor program.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Multiple studies have demonstrated that neural plasticity can change
the structure and function of the central nervous system after structural
brain damage and rehabilitation (Chen et al., 2010; Hosp and Luft,
2011). An important mechanism is the adaptation of the anatomical
and functional connectivities between brain areas. One approach for ex-
amining connectivity between brain regions within a network involves
quantifying temporal correlation in the blood oxygen level-dependent
(BOLD) signal while the brain is in a resting state (Cabral et al., 2014).
Multiple studies have demonstrated that resting-state functional con-
nectivity is correlated with behavioral output in multiple domains, par-
ticularly in the motor system (Albert et al., 2009). Studies of motor
impairments after stroke have demonstrated disrupted connectivity
within the motor network (Golestani et al., 2013; Yin et al., 2012). The
strength of this disrupted connectivity has been shown to correlate
with the clinical outcomes of patients (Yin et al., 2012).
However, little is known about the network dynamics underlying
these connectivity changes. Themain factors responsible are the effectsology, Jena University Hospital,
Jena, Germany.
. This is an open access article underof structural brain damage itself (Urban et al., 2012), as well as the ef-
fects of deafferentation and deefferentation (Werhahn et al., 2002). Be-
cause most studies analyzing cortical plasticity after loss of function are
conducted in patients suffering from brain damage (e.g., stroke), appor-
tionment can be difﬁcult. Some studies have circumvented this problem
by investigating connectivity changes caused by impairment of periph-
eral nerves or limb amputation (Qiu et al., 2014). However, there are no
peripheral puremotor nerves, and therefore, these studies have investi-
gated the combined effect of deafferentation and deefferentation on
cortical plasticity. At this time, the effects of a pure deefferentationwith-
out structural brain damage are incompletely understood.
Bell3s palsy presents an opportunity to investigate a pure
deefferentation. The palsy is a transient, unilateral deefferentation of fa-
cial muscles, typically of unknown cause (perhaps viral) and resolving
within about 6months. Because efferent activity to facialmuscles is car-
ried by the affected facial nerve, whereas somatosensory afference is
carried by the trigeminal nerve, the palsy does not affect facial
reafference. As we show, Bell3s palsy brings into play central nervous
system network dynamics pertaining to a pure deefferentation that
may illuminate motor systems more generally. We hypothesize that
the sensory-motor mismatch alone (without a structural brain lesion)
is a sufﬁcient stimulus for adaptation within the facial brain network.the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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a sufﬁcient stimulus for motor adaptation during rest or whether the
brain will simply adapt to the current state of the (impaired) sensory-
motor information.
We tested this hypothesis in thepresent study, employing functional
magnetic resonance imaging (fMRI) and connectivity analyses in the
acute stage of Bell3s palsy.
2. Materials and methods
2.1. Subjects
The study population was comprised of 30 patients with Bell3s palsy
(age 40.9 ± 16.9 years ranging from 21 to 71, 17 male, 14 female, 15
right sided facial palsies), who were recruited from the Neurology and
Otorhinolaryngology departments, and 31 age- and gender- matched
healthy controls. Right- and left sided facial palsies were investigated
in this study together in a balanced design (15 left, 15 right sided
palsies) to avoid hemispheric speciﬁc effects. Only patients with idio-
pathic facial nerve palsies without any previous history of neurological
disorder were included. The subjects underwent magnetic resonance
scans between 2 and 5 days after the onset of their symptoms. Handed-
ness was assessed by the Edinburgh Inventory (Oldﬁeld, 1971), which
ranges from −100 for strong left-handedness to +100 for strong
right-handedness. Only right-handed (N+79) patients were included.
The study was approved by the local ethics committee, and all patients
gave their written informed consent according to the declaration of
Helsinki.
2.2. Clinical assessment of facial function
Although a variety of scoring systems for the clinical assessment of
the severity of peripheral facial nerve palsy are available, the Stennert
grading system, which is one of the most widely applied, was selected
for use in this study (Stennert et al., 1977). The scale assesses the sever-
ity of facial palsy at rest and during voluntary facial movements. This
score ranges from 0/0, representing normal facial function, to 4/6,
which represents gross facial asymmetry at rest (ﬁrst value) and com-
plete paralysis (second value).
2.3. MRI experimental design
Subjects were instructed to move the left or right mouth angle up,
then relax their facial muscles to regain the starting position. These
motor tasks were performedwith a frequency of 1 Hz for 30.6 s, follow-
ed by a 30.6 s rest. The pace was set visually. The movement effort
should be equal on both sides of the face, even if it elicited marginal or
no movement on the paretic side. Every subject was trained in this
paradigm prior to the MRI scanning. The paradigm during the MRI
measurement consisted of 10 blocks (ﬁve times the motor task of the
left and ﬁve times of the right corner of the mouth) in a pseudo-
randomized order, which were visually directed.
2.4. MRI recordings
All examinations were performed on the same 3.0 Tesla MR scanner
(Trio, Siemens, Erlangen, Germany) to obtain echo-planar T2*-weighted
image volumes (EPI) and transaxial T1-weighted structural images.
Functional resting state data were acquired in one EPI session of 203
volumes. The patient was instructed to lie down with the eyes closed,
to think of nothing in particular, and not fall asleep. The ﬁrst 3 volumes
were subsequently discarded due to equilibration effects. A functional
image volume was composed of 44 transaxial slices, including the
whole cerebrum and cerebellum (voxel size= 3× 3 × 3mm, repetition
time= 2.52 s, TE 35 ms). The motor task was performed after the rest-
ing state scan, during which 255 images (voxel size = 3 × 3 × 3 mm,repetition time = 2.52 s, TE 35 ms) were acquired. The ﬁrst 3 volumes
were subsequently discarded due to equilibration effects. After func-
tional measurement, high-resolution T1-weighted structural images
(voxel size = 1 × 1 × 1 mm) were acquired.
2.5. Preprocessing of functional data (resting state and motor paradigm)
To make patients with right-sided palsy and their age and gender
matched healthy control subject comparable to left-sided ones, all
their images were ﬂipped along the y-axis prior to analysis.
For each subject, all images were realigned to the ﬁrst volume using
a six-parameter rigid-body transformation that corrected formotion ar-
tifacts. The images were co-registered with the subject3s corresponding
anatomical (T1-weighted) images, re-sliced to correct for acquisition
delays, normalized to the Montreal Neurological Institute (MNI) stan-
dard brain (Evans et al., 1993) to reportMNI coordinates, and smoothed
using a 6-mm full-width-at-half-maximum Gaussian kernel.
2.6. fMRI analysis of the motor task
Amultiple regression analysis using a general linearmodel was per-
formed to obtain statistical parametricmaps calculated for all three con-
ditions (tongue and right/left sided facial movement). Functional MRI
signal time courses were high-pass ﬁltered (128 s) and modeled as an
experimental stimulus onset function, convolved by the canonical he-
modynamic response function (low-pass ﬁlter). Individual results
were projected onto the co-registered individual high-resolution T1-
weighted 3-D data set. The anatomical localization of activations was
analyzed with reference to the standard stereotaxic atlas and by visual
inspection of the individual T1-weighted structural data. The resulting
statistical maps were thresholded by the family-wise error (FWE;
P b 0.05).
2.7. Connectivity analysis of resting state data
In the present study, functional connectivity is examined in the rest-
ing state, where temporal correlations of low frequency (b0.1 Hz) blood
oxygenation level dependent (BOLD) fMRI signal ﬂuctuations (Biswal
et al., 1995; Friston et al., 1993) are presumed to relate to neural activity
and reﬂect information transfer and collaboration between brain areas
(Biswal et al., 1995; Greicius et al., 2003). While most studies analyzed
the functional connectivity during rest in this frequency range there
are also methods to investigate the connectedness between brain
areas in other frequency ranges. Particularly, the estimation of the caus-
al inﬂuence that onebrain area exerts over another (effective connectiv-
ity) requires higher frequencies and is usually estimated during a task or
the modulation of a task.
Changes in functional connectivity within the facial motor network
were investigated in the resting state.
To identify relevant areas of the facial motor network relevant for
connectivity analysis, we used the activation maps obtained from the
motor task. The point of maximum activation strength, along with its
26 neighbors, was selected from each activated region, and these were
further used as regions of interest (ROIs). The resting state data from
these identiﬁed ROIs were extracted, and cluster-speciﬁc time series
were estimated by averaging the time series of all voxels within a clus-
ter. Several sources of variancewere then removed from the data by lin-
ear regression as follows: (1) six parameters obtained by rigid body
correction of head motion, (2) the signal from a ventricular ROI and
(3) the signal from a region centered in the white matter. All signal in-
tensity time courseswere bandpassﬁltered (0.01 b f b 0.1) to reduce the
effect of low-frequency drift and high-frequency noise.
We estimated the functional connectedness using a correlation anal-
ysis between different ROIs. The spatial locations of these ROIs were de-
termined using the clusters activated during the motor task in the
random effect fMRI analysis. The Pearson3s correlation coefﬁcient was
28 C.M. Klingner et al. / NeuroImage: Clinical 6 (2014) 26–31computed between all ROIs for each subject. To estimate the global con-
nectivity, we used all combinations of connections in the ROIs (Fig. 1).
To estimate the intra-hemispheric connectivity, we used all connections
between ROIs within one hemisphere (Fig. 1). These coefﬁcients
were transformed to z-scores by Fisher3s r- to z-transformation. The z-
scores were entered into a paired t-test to determine whether the two
groups (healthy vs. facial palsy) showed a signiﬁcantly different func-
tional connectivity. Findings were considered signiﬁcant at P b 0.05. In
addition to global connectivity values, each chosen ROI was used to de-
terminewhether the connections of this ROI to all other areas were dif-
ferent between groups (Fig. 1). Given the resulting number of statistical
tests, (16 tests) a correction for multiple tests was necessary, and ac-
cordingly, all results were corrected by Bonferroni correction and con-
sidered as signiﬁcant at P b 0.05.
3. Results
3.1. Clinical assessment of facial function
During the acute state of Bell3s palsy, all patients showed a unilateral
loss of facial function, with Stennert grades resting index for rest rang-
ing between 0 and 4 (mean 1.5 ± 1.2), and for voluntary facial move-
ments ranging between 1 and 6 (mean 3.7 ± 1.7). All patients
reported normal taste and hearing.
3.2. fMRI
The motor tasks of the paretic and non-paretic facial nerves during
the acute stage of Bell3s palsy evoked highly signiﬁcant activations
(P b 0.01, FDR corrected) in all patients. The same motor task evoked
similar activations in the group of healthy subjects. The random effect
group analysis of patients and healthy controls revealed signiﬁcantFig. 1. Schematic for estimation of the functional connectivity. The upper left panel shows the c
upper right shows the connections used to estimate the intrahemispheric connectivity of the ri
used to estimate the functional connectivity of one speciﬁc area. The lower right panel showsactivations in bilateral MI, bilateral LPMCv, bilateral CMA, bilateral thal-
amus, bilateral SMA, bilateral secondary somatosensory area (SII), bilat-
eral cerebellum and bilateral insula (Fig. 2). The MNI coordinates with
standard deviations, as well as the corresponding t-values for the ran-
dom effect analysis, are summarized in Table 1. These activated clusters
were further used in the following connectivity analysis. Because the
aim of the current study is the investigation of connectivity differences
betweenpatientswith facial palsy and healthy controls,weweremainly
interested in the spatial location of activated cortex areas.We compared
the spatial location of activity cluster of the eight activity clusters be-
tween controls and patients but did not ﬁnd any signiﬁcant differences.
3.3. Functional connectivity
We estimated the functional connectivity in the resting state be-
tween brain regions that were activated during the motor task. The
functional connectivity was estimated for all subjects and compared be-
tween both groups (patients with facial palsy and control subjects) by a
paired t-test. First, we tested whether there was an overall disturbed
connectivity in patients compared with healthy controls. We found a
signiﬁcantly reduced functional connectivity in patients compared to
healthy controls (P b 0.01). To determine whether there is a difference
in intra-hemispheric connectivity related to the affected side, we aver-
aged all connections between ROIs within one hemisphere. We then
tested for differences between groups and between hemispheres. We
found a highly signiﬁcant decreased functional connectivity of the
right hemisphere in patients (left facial palsy) compared to the control
group (P b 0.01). No group differences were found in the left hemi-
sphere in the same test.
We additionally tested whether this difference in hemispheric con-
nectivity is also signiﬁcant within the group of patients (testing for dif-
ferences between both hemispheres within the group of patients).onnections used to estimate the intrahemispheric connectivity of the left hemisphere, the
ght hemisphere. The lower left panel shows (exemplary for the left SMA) the connections
the connections used to estimate the global connectivity (l left, r right).
Fig. 2. Random effect group analysis of the facial motor task. Activations (P b 0.05, FWE corrected) in response to blocked (30 s) movement of the paretic side (left part of the image) or
unaffected side (right part of the image) of the face are shown superimposed on a template cortex.
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hemispheric connectedness within the right hemisphere was signiﬁ-
cantly lower compared to the connectednesswithin the left hemisphere
(P b 0.01). The same test for the control group did not reveal any signif-
icant differences (P = 0.48).
To investigate which areas contribute to the measured connectivity
decrease, we tested for differences between groups for each area (aver-
aged connectivity between one area and all other areas). Because of the
number of tests (16 tests), all results were corrected for multipleTable 1
Motor task of the paretic side
x y z t-v
MI c 54 ± 4.1 −10 ± 5.2 37 ± 4.6 8.
MI i −57 ± 4.2 −16 ± 3.9 37 ± 3.7 7.
LPMCv c 60 ± 6.8 2 ± 5.7 22 ± 6.9 4.
LPMCv i −51 ± 5.2 −1 ± 5.1 25 ± 5.9 6.
SMA c 3 ± 2.9 5 ± 3.2 55 ± 4.1 5.
SMA i −3 ± 2.6 2 ± 3.4 55 ± 3.8 6.
CMA c 9 ± 4.1 8 ± 3.4 43 ± 3.3 8.
CMA i −6 ± 4.5 8 ± 4.1 43 ± 4.3 7.
Thalamus c 9 ± 2.3 −13 ± 2.1 10 ± 3.8 6.
Thalamus i −6 ± 2.2 −16 ± 2.9 7 ± 3.2 6.
SII c 60 ± 5.1 −28 ± 3.0 19 ± 2.6 10.
SII i −60 ± 5.1 −22 ± 4.2 16 ± 3.0 5.
Insula c 36 ± 3.8 −1 ± 3.5 10 ± 3.2 8.
Insula i −39 ± 3.7 −4 ± 4.5 7 ± 3.1 6.
Cerebellum c 30 ± 4.3 −58 ± 3.1 −32 ± 3.2 5.
Cerebellum i −15 ± 5.4 −64 ± 3.4 −29 ± 3.9 3.
MNI coordinates of activation maxima with corresponding t-value and standard deviation for
supplementary motor area, CMA cingulate motor area, SII secondary somatosensory cortex, c ccomparisons using the Bonferroni correction. We found a signiﬁcantly
decreased functional connectivity (healthy vs. patients) in the right
thalamus, bilateral SII, right insula and bilateral cerebellum (Fig. 3).
3.4. Clinical correlation
We estimated the correlation between decrease in connectivity and
the clinical severity for all areas that showed a decrease in connectivity.
We found a signiﬁcant correlation between the clinical severity of facialMotor task of the non-affected side
alue x y z t-value
87 −57 ± 3.2 −10 ± 3.1 31 ± 4.1 10.3
37 51 ± 3.1 −10 ± 3.8 34 ± 4.3 9.73
42 −57 ± 4.4 −1 ± 5.1 25 ± 5.1 10.19
97 63 ± 4.2 −1 ± 5.1 19 ± 4.4 9.62
67 −3 ± 2.1 2 ± 4.1 55 ± 4.2 9.07
21 3 ± 2.3 5 ± 4.4 55 ± 4.1 8.35
50 −3 ± 4.1 5 ± 3.3 40 ± 3.5 8.94
35 6 ± 4.8 5 ± 4.3 37 ± 4.3 8.25
76 −6 ± 2.1 −19 ± 2.7 7 ± 2.3 5.05
06 12 ± 2.7 −13 ± 2.6 7 ± 2.2 6.25
31 −57 ± 4.6 −22 ± 4.1 16 ± 3.4 7.36
44 60 ± 4.4 −25 ± 4.0 19 ± 3.5 6.76
38 −39 ± 4.4 −4 ± 3.9 10 ± 3.1 10.12
10 39 ± 4.6 −1 ± 3.5 4 ± 3.4 9.92
40 −42 ± 5.5 −52 ± 4.2 −29 ± 4.3 3.64
62 33 ± 3.3 −55 ± 4.3 −29 ± 4.0 3.88
both motor tasks (MI primary motor cortex, LPMCv ventral lateral premotor cortex, SMA
ontralateral, i ipsilateral).
Fig. 3. Functional connectivity was measured between one distinct area and all other areas. These values were averaged between subjects. The ﬁgure shows the R-values of the Pearson
correlation. The white columns represent healthy controls, while the checkered columns represent subjects with facial palsy. A large column indicates a high R-value, corresponding to
higher positive connectivity. Signiﬁcant differences between both groups (P b 0.05, Bonferroni-corrected) are marked by an *.
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insula (P b 0.05, Bonferroni corrected−18 tests). The other areas that
showed signiﬁcant decreased connectedness (right thalamus, bilateral
cerebellum) failed to show signiﬁcant correlation with the clinical
score (Fig. 4).
4. Discussion
The current study demonstrates decreased functional connectivity
in the acute stage of facial palsy in the cerebral hemisphere contralateral
to the paralyzed side. We demonstrated that connectedness was most
affected in areas of sensorimotor integration, not to primary- or second-
ary motor areas.At ﬁrst thought, one might assume that a pure
deefferentation should lead to an adaptation of the motor program,
and therefore plasticity should primarily affect the motor areas of the
brain. However, no altered functional connectivity was found in areas
of the primary or secondary motor cortex. Instead, altered functional
connectivity was found to the secondary somatosensory cortex, the
insula, the thalamus and the cerebellum. The role of each area in the
context of the acute deefferentationwill be brieﬂy discussed.The insular
cortex and the secondary somatosensory areas participate in higher-
order processing of somatosensory input and are considered to be cru-
cial nodes for motor-sensory integration detecting the mismatchFig. 4. Correlation between connectivity decrease and clinical severity. The difference be-
tween the functional connectivity of a patient compared with an age and gendermatched
control subject was tested for a correlation of clinical severity. We tested all areas that
showed signiﬁcantly decreased connectivity between groups (see also Fig. 3).between perceived and expected movements (Mutschler et al., 2009;
Lederman et al., 2001; Simoes andHari, 1999). In particular, the SII inte-
grates information from both hemispheres, (Disbrow et al., 2001) and
perceives asymmetrical facial sensory information at rest and during
symmetrical facial movement efforts. Only these areas showed a signif-
icant correlation with clinical severity. A further connectivity decrease
was found in the dorsolateral thalamus, which is strongly involved in
the forwarding and modulation of somatosensory information
(Klingner et al., 2013; Klingner et al., 2011).The implications of the de-
creased functional connectivity to the bilateral cerebellum are harder
to interpret due to its complex involvement in the processing of sensory
and motor information. However, the cerebellum is known for its con-
tributions to the coordination and quality of movements. For the online
control of actions, anticipatory control loops are suggested which pre-
dict the sensory feedback (forward modeling) due to a chosen motor
program (Desmurget and Grafton, 2000; Shadmehr et al., 2010). We
suggest that the decreased connectivity to the cerebellum is due to the
substantial prediction error caused by the motor-sensory mismatch.
Our knowledge about the role of the involved brain areas could be ex-
tended in further studies by analyzing the effective connectivity by
using fMRI at higher temporal resolution or by using EEG and MEG.
Thesemethodswould not only allow to estimate the causal relationship
between brain areas but might also shed light on the importance of the
sensory feedback as possible driving force for the adaptation during the
course of Bell3s palsy.Our results demonstrated connectivity changes in
areas responsible for sensory processing andmotor-sensory integration
while no alterations were found in the primary or secondary motor
areas.This pattern might be due to the fact that the brain has no infor-
mation on the cause of the sensory-motor mismatch and particularly
no information about where a possible damage might be. Compared
to the motor program, the brain detects an unexpectedly low sensory
feedback. Because of the brain3s inability to detect whether the efferent
or afferent information transfer is impaired, we interpret the current re-
sults as the principal mechanism that the brain is using in the case of a
detected sensory motor discrepancy of unknown origin. Similarly re-
duced sensory feedback might also arise from a peripheral deafferenta-
tion. Accordingly, studies investigating cortical plasticity after long-
term sensory deprivation found representational map changes in the
somatosensory cortex (Merzenich et al., 1983). However, a deafferenta-
tion (in contrary to a deefferentation) reduces not only information
about performedmovements but also information about external stim-
uli. This condition is often associated with dysesthesia, which limits the
comparability to a deefferentation.In clinical practice, most patients suf-
fering from an acute Bell3s palsy receive an exercise physiotherapy
31C.M. Klingner et al. / NeuroImage: Clinical 6 (2014) 26–31although there is no clear evidence for its effectiveness (de Almeida
et al., 2014) and also no compelling theory of how such an exercise ther-
apy might inﬂuence the outcome after facial nerve palsy. The results of
this study indicate that the brain tries to adapt to the actual impaired
state of sensorimotor mismatch without any major attempt to solve
this discrepancy by modulating motor programs. The question remains
whether increased training in the acute state is helpful by activating
motor programs and increasing the total amount of the remaining sen-
sory information or whether training solidiﬁed the adaptation to this
pathologic state. In a previous study of Bell3s palsy, we found reduced
functional connectivity during motor activity in the motor network
(Klingner et al., 2011). These results indicate that motor training is nec-
essary for adaptation of themotor system, while the pure existence of a
sensorimotor mismatch is not a sufﬁcient stimulus for adaptation. The
training-associated adaptation of the motor system together with our
current results (no adaptation of the motor network at rest) further in-
dicates that the adaptation of brain networks is highly context sensitive.
It can therefore be hypothesized that motor training is helpful in the
acute state of this disease. This result is in linewith existing studies sug-
gesting that facial exercise therapy is effective for facial palsy for the
functional outcome (Pereira et al., 2011). If we assume that the in-
creased amount of sensory information is important in avoiding adapta-
tion to the impaired state of sensorimotor information, then the
question becomes whether additional sensory information from other
modalities is also beneﬁcial via impeding the adaptation to the current
pathologic state. For example, one might hypothesize that mirror feed-
back training avoids the adaptation to the pathologic state by additional
visual information. Another interesting approach to overcome the sen-
sorimotor mismatch could be a repetitive manual stimulation of the
face (e.g., with the hands of the patient). With this maneuver, the
brain could be supported in realizing, that no afferent but a pure efferent
deﬁcit causes the sensorimotor discrepancy.
5. Conclusion
In conclusion, we demonstrated that connections in Bell3s palsy
areas of sensory-motor integration were most affected, and primary-
or secondary motor areas were not. This pattern indicates that a pure
deefferentation leads the brain to adapt to its current state without
any major attempts to modulate the motor program. These results sug-
gest an important role of sensory feedback in plasticity after an acute
deefferentation, but its exact role and impact have to be investigated
in further studies.
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